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Abstract
Various types of drainage structures are necessary to protect human life, highway settings, and the flood-plain environment from surface runoff. The design of a drainage structure requires hydrologic analysis of precipitation amount and duration, peak rate of runoff, and the time distribution of runoff from a given basin.
Many hydrologic methods are available for estimating peak flows from a basin, and no single method is applicable to all basins. The Rational Method is commonly used to estimate the design-storm peak discharge. The concepts of the Rational Method are sophisticated and considerable engineering knowledge is required to select representative hydrologic characteristics, such as time of concentration and runoff coefficient, which will result in a reliable design discharge. Validation of the Rational Method is difficult because direct measurement of some hydrologic characteristics, for example, time of concentration and runoff coefficient, is not easily accomplished.
Eight small basins in central Virginia ranging from 2.5 to 52.7 acres were selected for comparison of design characteristics to observed hydrologic data. Design estimates of drainage area, time of concentration, and runoff coefficients were used to estimate the design-storm peak discharge with the Rational Method. The basins were instrumented with monitoring devices to determine instantaneous discharge and measure discrete depths of precipitation from storms. These data were analyzed to estimate times of concentration and runoff coefficients for individual storms. Times of concentration and runoff coefficients were estimated directly from hyetograph and hydrograph data and by the Rational Hydrograph Method. The Rational Hydrograph Method (RHM) is a mathematical and statistical model where in the observed hydrograph is compared to predicted hydrographs developed with the Rational Method using the hyetograph data and paired combinations of times of concentration and runoff coefficients.
Design estimates of time of concentration for eight study basins generally were longer than the estimates derived directly from the observed (hyetograph and hydrograph) data, and, therefore, underestimated peak discharges and are considered less conservative. In contrast, design estimates of time of concentration generally were shorter than the estimates derived from the RHM, and, therefore, overestimate peak discharges and are considered more conservative.
Design estimates of runoff coefficient for eight study basins generally were larger than the runoff coefficients derived either by solving the rational equation for the runoff coefficient from the observed data or by the RHM, and, therefore, overestimate peak discharges and are considered more conservative.
Design estimates of peak discharge were compared to discharges computed for each study site using the median values of the times of concentration and runoff coefficients as input values for the Rational Method. Design peak-discharge values at seven of the eight study basins generally were greater than the discharges computed from the median values of time of concentration and runoff coefficients determined from the storm data and are considered more conservative. However, rainfall intensities and duration measured during storms generally had less than or equal to a 2-year recurrence interval when compared to local intensity-duration-frequency curves. Only a few storms generated intensities and durations near the 10-year recurrence interval. It is expected that design peak discharges based on a 10-year recurrence interval would be greater than discharges based on data collected from higher frequency storms.
Design estimates of peak discharge for the design storm frequency and observed peak discharges and rainfall intensities for eight basins in central Virginia were compared to observed peak discharges at similar-sized basins across the United States and separately to observed peak discharges at similar-sized basins in Virginia and surrounding states.
A curve drawn over the range of the maximum observed runoff for 1,025 streamflow-gaging stations from across the United States defines the upper boundary for small basins (less than 400 acres). The maximum observed runoff was 10.2 inches per hour (in./hour) for basins smaller than 256 acres.
Comparison of Peak Discharge and Runoff Characteristic Estimates from the Rational Method to Field Observations for Small Basins in Central Virginia
By Donald C. Hayes and Richard L. Young
Introduction
Often, extensive hydraulic analysis and design are needed to reduce the impact of highway and bridge crossings on floodways and rivers. With any modification to existing basin drainage, there is potential for stormwater runoff to create or increase flood and water-quality problems. Many government agencies are trying to mitigate the increased runoff and diminished water quality associated with transportation infrastructure through better design of drainage structures. Detention structures and channel improvements have often helped to manage runoff volume and maintain water quality. Various types of drainage structures are necessary to protect human life, highways and highway structures, adjacent structures, and the flood-plain environment from surface and subsurface water. Drainage structures are designed to convey water in a manner that is efficient, safe, and least destructive to the highway and adjacent areas (Washington State Department of Transportation, 1997) .
Previous studies by the Virginia Department of Transportation (VDOT) and the U.S. Geological Survey (USGS) determined peak flows from rural, unregulated streams in Virginia (Miller, 1978; Bisese, 1995) . Regression equations were developed to estimate peak flows in the State using data from streamflow-gaging stations in Virginia and surrounding states. However, these equations were developed for basins ranging in size from 0.3 to 3,260 mi 2 and are inappropriate for use on the very small (less than 200 acres) drainage basins commonly evaluated by transportation engineers in the State.
On average, Virginia's highways contain one culvert or flow structure for every half mile of road constructed. Most of these structures drain small basins with areas less than 200 acres. The VDOT design manual (Virginia Department of Transportation, 2002) recommends that transportation engineers follow several well-documented, standard engineering methods to estimate runoff volumes and peak flows from these small drainage basins. No single method for determining peak flow is applicable to all basins, however, and significantly different peak flows are calculated for a basin when using different methods. Local codes require that the selected method be calibrated to local conditions and, if possible, verified for accuracy and reliability (Virginia Department of Transportation, 2002) .
VDOT (2002) recommends use of the Rational Method for estimating the design-storm peak runoff from small basins with areas up to 200 acres and for up to 300 acres in low-lying tidewater areas. The method uses an empirical equation that incorporates basin and precipitation characteristics to estimate peak discharges (Chow, 1964) . The Rational Method is relatively simple to apply; however, its concepts are sophisticated. Considerable engineering knowledge is required to select representative hydrologic characteristics that will result in a reliable design discharge (Virginia Department of Transportation, 2002) . Validation of the Rational Method is difficult because direct measurement of some hydrologic characteristics used in the method is not easily accomplished.
Because of inconsistent results from the available hydrologic methods in estimating peak flows from small drainage basins, a runoff study was initiated in 1997 by the USGS, in cooperation with VDOT. The study was conducted to determine the reliability of methods recommended by VDOT to estimate runoff from small basins by comparison of peak-flow estimates calculated by the Rational Method to observed rainfall intensities and peak flows at eight study basins. In addition, peak-flow and basin-characteristic data from numerous small basins (about 1 to 400 acres) across the United States were analyzed to determine the maximum observed runoff and maximum runoff for the 10-, 25-, 50-, and 100-year flood frequencies for similar-sized basins. Data collected at the eight study basins in Virginia were compared to the national data set. The results of this study should be similar to results obtained by comparable studies in other areas of the country.
Purpose and Scope
The purpose of this report is to present a comparison of design estimates of time of concentration, runoff coefficient, and peak flow to observed storm data in central Virginia, and to compare the storm data to observed regional and national peak-flow data from small basins. This report describes the results of a small basin runoff study conducted from 1997 through 2004 at eight basins in central Virginia, and presents a summary of peak-flow data from more than 1,000 small basins in the continental United States. This report also presents background information on the processes that control runoff from basins with various soil, geologic, topographic, and land-use characteristics; a comparison of runoff characteristics (time of concentration, runoff coefficient, and peak flow) observed and estimated by various methods from storm data to runoff characteristics derived from the Rational Method; and graphs depicting maximum observed runoff and maximum runoff for the 10-, 25-, 50-, and 100-year flood frequencies.
Description of Study Basins
Many small basins in central Virginia with previous hydrologic analysis and hydraulic design were reviewed for inclusion in the study. An attempt was made to include multiple land uses and various drainage area sizes in the network of basins to be studied. Factors such as site accessibility, proximity to field personnel, and capability to be instrumented with monitoring equipment also were considered in selecting the study basins. Eight small basins in central Virginia ranging from 2.5 to 52.7 acres were selected for collection of discharge and precipitation data ( fig. 1, table 1 ). Land use for the eight study basins consists of combined road and ditch, pasture, new growth forest, residential, and industrial areas.
In addition, peak-flow data were retrieved for sites with drainage areas less than 400 acres (0.625 mi 2 ) across the continental United States from the USGS National Water Information System (NWIS) database. Maximum peak flow for the period of record was obtained for 1,025 sites, and a flood-frequency analysis was performed on 596 of these sites with 10 or more years of peak-flow record.
Runoff
Precipitation is the primary natural supplier of water to a basin. Runoff is that part of the precipitation that exits the basin as streamflow at a concentrated point. A hydrograph is a graphical representation of streamflow plotted with respect to time (Langbein and Iseri, 1960) and can be used to analyze runoff characteristics associated with a basin and storm. The hydrograph shows the integrated effects of the physical basin characteristics and storm characteristics within the basin boundaries (Chow, 1964; Freeze, 1974) , and the separation of a hydrograph in terms of time can be useful for hydrologic analysis of drainage structures.
The single most important property of the hydrograph that is essential to drainage structure design is the peak rate of runoff (Wigham, 1970) . The design of a drainage structure requires the hydrologic analysis of the peak rate of runoff, the volume of runoff, and the time distribution of flow from the contributing drainage area (Virginia Department of Transportation, 2002; Washington State Department of Transportation, 1997) . However, the relation between the amount of rainfall over a drainage basin and the amount of runoff from the basin is complex and not well understood. The hydrologic analysis allows for estimates of runoff characteristics such as peak rate of runoff or runoff volume, but exact solutions to drainage design problems should not be expected (Virginia Department of Transportation, 2002) . Errors in runoff estimates can result in either an undersized drainage structure that causes potential hazards, inconvenience, and damage problems; or an oversized, inefficient drainage structure.
Factors Affecting Runoff
Two broad categories of factors affect runoff: precipitation characteristics and basin or watershed characteristics. Precipitation characteristics include type, duration, amount, intensity, frequency, and distribution. Basin characteristics are size, shape, topography, soils, geology, and land use (Schwab and others, 1971) .
Precipitation characteristics describe the supply of water to a basin, a portion of which reaches the basin outlet as surface runoff. Amount and duration of the precipitation are the most important characteristics of a storm for hydrologic analysis and can be combined to describe intensity and frequency of the precipitation. Distribution of precipitation in time and space is somewhat reduced in importance by analyzing basins with small contributing drainage areas: the smaller the basin size, the less the expected variability of precipitation distribution over the basin. One assumption made during the hydrologic analysis and design of hydraulic structures for small basins is that the precipitation amount is uniform across the basin in time and space. There is no single accepted basin size limit for which the uniform precipitation assumption holds true. Various agencies and investigators use maximum size limits from less than 20 acres to several square miles for their definition of small basins. VDOT's definition of a small basin is 200 acres or less (Virginia Department of Transportation, 2002) .
The location of the basin outlet defines the basin boundary, which establishes the basin size and defines the controlling physiographic characteristics. Basin shape, topography, and soils are controlled by the underlying lithologies and geologic structure, and weathering processes within the basin. Land use is the primary basin characteristic controlled by humans.
Generally, the basin size is the most important basin characteristic in determining the amount and timing of surface runoff at the outlet. The larger the basin size, the greater potential amount of precipitation that can be captured and routed to the basin outlet. Basin size primarily controls the volume of runoff past the outlet. Basin shape and topography are key basin characteristics controlling the routing of runoff to the basin outlet, and primarily control the timing of the peak, and to a lesser extent, the magnitude of the peak flow. Soil properties determine to a large degree the infiltration rate, storage, and release of the precipitation from the overburden. Soils affect the amount and type of vegetation, which also influence the infiltration rate. Land use and modifications to the natural surface by practices such as deforestation, mining, and farming, as well as structures such as dams, levees, bridges, channels, and pavement also can have a significant effect on the runoff from a basin (Carluer and others, 2004) . 
Sources of Runoff
Most scientists and transportation engineers recognize that runoff occurs in response to complex interactions between surface flow and saturated and unsaturated subsurface regimes (Freeze, 1972b) . Runoff moves laterally into a stream during and after precipitation either through direct runoff or groundwater flow. Direct runoff consists of channel interception, overland flow, and subsurface stormflow. Channel interception is the capture of precipitation that falls directly on a stream channel and its flowing tributaries. Overland flow or surface runoff is the lateral inflow of precipitation to a stream that is generated when the precipitation rate exceeds the soil infiltration capacity. Subsurface stormflow or interflow is the lateral inflow of precipitation through both unsaturated and saturated soil horizons above the ground-water table, and flow routed through interconnected macrochannels formed by roots and animal burrows. The portion of streamflow derived from inflow from the saturated soil below the water table that is intercepted by the stream channel is often referred to as base flow (Freeze, 1974; Dunne, 1978; Hewlett and Hibbert, 1967) .
Investigators disagree about how storm and flow mechanisms generate runoff, and many have collected field data in which either the overland flow or the subsurface stormflow process dominates runoff generation. Forest researchers generally support subsurface stormflow as the major contributor to runoff and minimize the importance of overland flow (Hewlett, 1961; Hewlett and Hibbert, 1967; Whipkey, 1965; Kirkby and Chorley, 1967; Hursh and Brater, 1941) . Other researchers argue that water passes through the soil matrix too slowly to have a large effect on the peak runoff from a basin and that overland flow dominates runoff in most instances (Horton, 1933; Betson, 1964; Dunne, 1978; Dunne and Black, 1970; Freeze, 1972a; Beasley, 1976) . A brief description of the flow mechanisms follows.
Channel interception would appear to be one of the easier runoff generation mechanisms to describe because it can be equated to the amount of precipitation falling on a definable area over a specified period. However, stream channels tend to expand and contract in an indeterminate way during a storm (Hewlett and Hibbert, 1967) , and precipitation intensities can vary greatly in time and space. For these reasons, runoff amounts generated by channel interception are not easily defined. Horton (1933) developed a widely accepted theory where overland flow dominates runoff generation. When precipitation falls to the earth, a portion of the moisture evaporates or is intercepted by plants, litter, and soil. Initial surface detention storage must be satisfied before infiltration into the soil column occurs. Infiltration rate is greatest initially, and is reduced as precipitation continues. If the precipitation rate exceeds the infiltration rate after satisfying interception requirements, the excess moisture initially forms small puddles, creating depression storage. As surface depressions are filled and depth of surface detention increases, surface runoff begins. This runoff is referred to as overland flow or surface runoff (Horton, 1933) and the theory is most appropriately applied to hill slopes with low infiltration capacity and little soil depth. Horton's theory suggests that most precipitation events exceed the infiltration capacity of the soil and that overland flow is common (Freeze, Freeze (1972b) refers to runoff generated according to the classic Horton model as "overland flow owing to surface saturation from above." Another widely held concept of runoff generation from a storm is the subsurface stormflow theory, sometimes referred to as quick flow, throughflow, or interflow. Subsurface stormflow refers to that portion of the lateral inflow to a stream that is derived from water that infiltrates and moves through the porous soil media as either unsaturated flow or as saturated flow above the primary ground-water table (Freeze, 1974) . Water entering the soil column moves both vertically and laterally downslope in the unsaturated soil matrix. When a horizontal boundary or area of reduced vertical conductivity is met, the lateral component of flow may be increased and local saturated conditions achieved. Where the saturated soil conditions exist at the base of a slope or intersection with the channel, discharge will occur. The saturated zone is supplied moisture by the unsaturated flow from upslope. When the moisture supply exceeds the lateral permeability, the volume of the saturated zone increases upslope, the discharge increases along the slope base (Weyman, 1970) , and saturated channel length will increase (Hewlett and Hibbert, 1967) . Pie-shaped hillside segments concentrate subsurface stormflow into saturated source areas that expand rapidly (Hewlett, 1974) . These source areas-sometimes called "variable source areas" because they rapidly expand and contract the channel system, and sometimes called "partial areas" because they are more or less fixed in location and size-shorten the subsurface flow paths to the channel, increase the cross-sectional area through which subsurface flow can pass, and increase overland flow and interception in the affected areas (Hewlett and Hibbert, 1967) . Freeze (1972b) refers to runoff generated from near-channel partial areas as "overland flow owing to surface saturation from below." Not all migration of the subsurface stormflow must pass through the soil matrix. Interconnected macrochannels formed by roots, old root holes, animal burrows, and structural channels can provide the means for rapid subsurface flow from upper slopes to stream channels (Whipkey, 1965) . These channels may act as flow collectors and greatly reduce the time necessary to transport water to the surface channel.
Ground-water flow is usually inconsequential to peak discharges of small basins because the channel bottoms are normally above the water table and the time delay for precipitation infiltration through the ground-water system and discharge to a stream channel is much longer than movement of direct runoff through the basin (Freeze, 1974 , Dunne, 1978 . However, in a perennial channel where the channel bottom is below the water table, the subsurface stormflow is indivisible from the ground-water flow (Hewlett and Hibbert, 1967) . Genereux and Hooper (1998) summarized 20 studies from Europe, North America, Australia, and New Zealand that used oxygen and hydrogen isotopes to determine the amount of "pre-event" and "event" water in the peak flow and in the runoff volume of storm runoff. Pre-event water refers to water in the basin prior to the event of interest and event water refers to precipitation during the event of interest. The study basins were predominately forested with some grassland/pasture and ranged from 2 acres to almost 300 mi 2 . In almost all of the 41 sampled events, pre-event water accounted for over half and usually three-quarters of the peak flow or runoff volume. Although most of the pre-event water probably was initially in storage in the soil matrix, Genereux and Hooper caution that not all pre-event water is ground water and not all event water is overland flow. Key findings of the studies include the consistently large fraction of pre-event water in storm runoff, and that subsurface stormflow can dominate runoff generation in forested and grassland basins.
Peak Discharge Estimates from the Rational Method
According to the VDOT 2002 Drainage Manual: Drainage concerns are one of the most important aspects of highway design and construction. Present state-of-practice formulas and models for estimating flood flows are based on statistical analyses of rainfall and runoff records and therefore provide statistical estimates of flood flows with varying degrees of error. The recommended practice is for the designer to select appropriate hydrologic estimating procedures, and obtain runoff data where available for purposes of evaluation, calibration, and determination of the predicted value of the desired flood frequencies. Since the predicted value of the flood flows represents the designer's best estimate, there is a chance that the true value of the flow for any flood will be greater or smaller than the predicted value (Virginia Department of Transportation, 2002) .
In the hydrologic analysis for a drainage structure, many important, variable factors affect floods. The primary factors to be considered on a site-by-site basis include: precipitation type, amount, duration, intensity, frequency and distribution; basin size and physiographic characteristics; soil type; vegetative cover; antecedent moisture condition; surface storage potential; and basin development potential (Virginia Department of Transportation, 2002) .
The design of drainage structures in Virginia is based on a design flood frequency whereby the frequency is selected based on potential flood hazard, cost, and budget constraints. However, certain hydrologic methods contain precipitation or precipitation frequency as the basic input. It is commonly assumed that the 'N'-year precipitation will produce the 'N'-year peak flow; however, antecedent soil moisture and other hydrologic conditions determine whether a direct comparison between precipitation frequency and flood frequency exists. Selection of the design frequency depends upon the structure cost, amount of traffic, potential flood hazard to property, expected level of service, political considerations, and budgetary constraints as well as the expected magnitude of damages from larger floods (Virginia Department of Transportation, 2002) . In Virginia, design requirements for drainage structures use flood frequencies that range from 10-year for local roads to 100-year for depressed (not elevated) interstates.
Rational Method
The Rational Method is an empirical relation between rainfall intensity and peak flow that is widely accepted by hydraulic engineers; however, the origin of the method is unclear. In the United States, Kuichling (1889) was the first to mention the method in the scientific literature, yet some engineers attribute the principles of the method to Mulvaney (1851) . In England, the method is often referred to as the Lloyd-Davies method, which was published in 1906 (Chow, 1964) The Rational Method is usually expressed in terms of the following equation:
where Q is the peak flow in ft 3 /s, 1.008 is unit conversion and usually neglected in hours/(acre-in.), C is the runoff coefficient (dimensionless), I is average rainfall intensity from an intensity-duration-frequency curve for a duration equal to t c in in./hour, A is area in acres, t c is time of concentration in minutes. Time of concentration has several definitions. The minimum time required after runoff begins for the entire basin to contribute flow to the outlet is the definition preferred by the 1.
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authors. Other definitions are the time required for a particle of water to travel from the most hydraulically distant point in the basin to the outlet (Wigham, 1970) , and the time required for a flood wave to travel from the most hydraulically distant point to the outlet (National Resources Committee, 1939) .
The runoff coefficient C is a dimensionless empirical coefficient related to the abstractive and diffusive properties of the basin. Basin abstractions including infiltration, depression storage, evapotranspiration, and interception are lumped into the coefficient. Runoff diffusion is a measure of the attenuation of the flood peak attributable to basin runoff characteristics (Ponce, 1989) . The runoff coefficient ranges between 0 and 1.0, where a value of 0 indicates that none of the rain falling on the basin generates runoff, and a value of 1.0 indicates that all of the rain falling on the basin generates runoff. A basin that has low land-surface slopes, high infiltration rates, high ground-water storage, and extensive vegetation and surface storage will have a low runoff coefficient. A steep basin with an impervious surface, little vegetation, and no surface storage will have a high runoff coefficient.
The Rational Method uses a rainfall intensity to represent the average intensity for a storm of a given frequency for a selected duration (Viessman and others, 1977) . As noted, assumptions of the method include that the rainfall intensity is constant over the entire basin and uniform for the time of concentration. Of all the assumptions associated with the Rational Method, the assumptions of constant, uniform rainfall intensity are the least valid in a natural environment. However, the variability of rainfall intensity during a storm and over a basin becomes less as the size of the basin decreases such that these assumptions become more valid. The variability of rainfall intensity in time and space is a major reason for an upper limit on basin size when using the Rational Method to estimate peak flow.
Rainfall intensity is selected from an intensity-durationfrequency (IDF) curve generated from point rainfall data collected in the local area. These curves are generated by fitting annual maximum rainfall intensities for specified durations to a Gumbel-probability distribution, usually by plotting the data on extreme-value-probability paper (McKay, 1970) . Figure 2 is an example of an IDF curve plotted on arithmetic paper. The rainfall intensity is estimated by transferring the basin time of concentration as duration in minutes through the desired storm frequency curve in the same manner as shown in figure 2. For example, if the hypothetical IDF curve in figure 2 is valid for the basin being analyzed and it is determined that a basin has a time of concentration of 20 minutes, then the rainfall intensity for the 25-year storm is 5.2 in./hour.
The Rational Method is based on the theory that, for a given storm frequency, the maximum runoff rate results from a rainfall intensity of duration equal to the time of concentration of the particular basin. The simplicity of the equation is misleading because "the critical value of the rainfall intensity, through the medium of concentration time, entails a consideration of such factors as basin size, shape, and slope; channel length, shape, slope, and conditions; as well as variation in rainfall intensity, distribution, duration, and frequency; all of which can and should be considered in determining its value" (National Resources Committee, 1939) . The relation between rainfall intensity and runoff in a hypothetical, totally impervious basin with no abstractions (C = 1.0) and where all the assumptions of the Rational Method are met is shown in figure 3 . When the storm duration, t s , is equal to the time of concentration, t c , the peak flow occurs at the time of concentration when the entire basin is contributing to the flow at the outlet, and is equal to the product of the rainfall intensity and drainage area ( fig. 3A ). When t s is greater than t c , the peak flow occurs at the time of concentration when the entire basin is contributing to the flow at the outlet, but continues at a constant rate for the remaining duration of the storm ( fig.3B ). In both scenarios, after the rainfall stops, the flow recedes to zero over a timeframe approximately equal to the time of concentration (Ponce, 1989) . The average rainfall intensity for a shorter storm duration will always be greater than the average rainfall intensity for a longer storm duration. For this reason, in flood design computations, the maximum discharge is obtained when the storm duration is equal to the basin time of concentration ( fig. 3A ).
Design Computations
The VDOT (2002) 
where Q is the peak flow in ft 3 /s, C f is the design storm frequency adjustment factor (dimensionless), C is the runoff coefficient (dimensionless), I is average rainfall intensity from an intensity-dura tion-frequency curve for a duration equal to t c in in./hour, A is area in acres, t c is time of concentration in minutes. The only difference in this form of the Rational Equation and equation 1 is the inclusion of the storm frequency adjustment factor, C f . Many investigators have concluded-in contrast to the basic assumptions of the Rational Method-that the runoff coefficient varies with rainfall intensity and duration (Ponce, 1989; Beadles, 2002; Pilgrim and Cordery, 1993) , and recommend that the runoff coefficient be adjusted for design of less frequent floods. Values for C f are selected from table 2. A value of 1.0 is used when the combined value of C C f · is greater than 1.0.
Selection of the runoff coefficient requires knowledge of engineering principles and of factors that affect runoff quantities (Virginia Department of Transportation, 2002) . Tables are available to guide the transportation engineer in selection of a runoff coefficient for current and future land uses. A composite coefficient should be determined for basins with multiple land-use types with adjustments made for the degree of basin slope.
VDOT (2002) Average rainfall intensity is determined by applying the time of concentration and design flood frequency to an IDF curve similar to that shown in Figure 2 . Minimum design criteria include flood frequencies of 5-or 10-year for local roads, 25-year for principal arterial roads, and 50-or 100-year for interstate highways (Virginia Department of Transportation, 2002) .
Once the equation components are determined, the design flood is determined using equation 2. Two errors commonly are made when computing peak runoff from small basins. First, a portion of the basin that is highly impervious may generate a greater peak runoff than would occur using the entire basin area. It may be necessary to estimate peak runoff of multiple areas to determine the critical design discharge. Second, when determining the time of concentration, the overland flow path may not be perpendicular to contours shown on available maps. Land forms and grading may direct flow to ditches and streets more quickly than determined using pre-construction topography (Virginia Department of Transportation, 2002) .
Engineers from VDOT and Chesterfield County, Va., determined design discharges for the eight basins in this study. Peak flows were initially determined for future land use. The design parameters were then modified to represent current land use and correspond to present data collection efforts. Basin characteristics and estimated runoff characteristics used in the design computations are shown in table 3. A 10-year flood frequency for local roads was used as the design criterion.
Parameter Estimates from Storm Data
One technique for assessing the accuracy of design peakdischarge values is to determine parameters used in the design method from field measurements of storm, basin, and runoff characteristics. Several investigators declare that a deterministic analysis of individual storms to estimate storm and basin runoff coefficients is not valid primarily because it is unlikely that corresponding rainfall and runoff rates are of the same return period (French and others, 1974) . More recently, however, investigators have concluded that the rainfall and runoff characteristics can be determined for individual storms (Singh and Cruise, 1992; Guo, 2001) . A data collection network was established in central Virginia to determine the feasibility of this procedure. To evaluate design peak discharges computed using the Rational Method, rainfall and runoff data were collected to estimate rainfall duration and intensity, time of concentration, and runoff coefficients from individual storms that occurred between June, 1998, and September, 2004 .
Data Collection
Eight small basins in central Virginia ranging in size from 2.5 to 52.7 acres (0.004 to 0.082 mi 2 ) were instrumented with streamflow and rain gages to determine instantaneous discharge and measure discrete depths of precipitation from storms. At each basin outlet, an artificial control consisting of a weir, flume, or concrete-lined channel was used in conjunction with a stage measuring device to determine the discharge. Theoretical stage-discharge ratings for the flumes were checked and stage-discharge ratings were developed for the weirs and concrete-lined channels using field measurements of discharge and stage. A tipping-spoon rain gage and separate recorder were used to measure rainfall volume and calculate rainfall intensity. The rain gages were located near the basin outlet in areas where rainfall patterns would be least affected by vehicles along roadways and by nearby trees.
At all sites except for the concrete-lined trapezoidal channels, 4-in. polyvinyl chloride-pipe stilling wells were constructed and connected to the flume or open to the gage pool with 1.0-in. pipe. The stilling wells were incased in 8-in. steel well casings. At the concrete-lined trapezoidal channels, 2.0-in. open-bottom steel pipes were bolted to the channel side as modified stilling wells.
Streamflow-gages were instrumented with In-Situ, Inc., Troll 4000, vented, submersible pressure transducers with pressures adjusted for temperature changes. The transducers' range of measurement is 15 pounds per square in. pressure or approximately 35 ft of water. The manufacturer's stated accuracy for pressure is 0.05 percent of full range or 0.018 ft of water with a resolution of 0.001 ft of water. Accuracy for temperature is 0.1 degree Celsius. Transducers were factory calibrated when batteries were changed annually and field checked for accuracy by submersion in a known depth of water and at atmospheric pressure. The submersible pressure transducers were installed such that the zero point on the transducer was approximately 0.01 ft above the point of zero flow for the control to reduce the possibility of transducer damage from ice. Because of rapid runoff response of the basins, the data logger read the transducer and thermister every minute. Date, time, stage, and temperature data were electronically stored only if the stage was different by 0.005 ft from the previous reading; otherwise, data were stored on the hour. Recorded peak gage heights were compared to high-water marks left by runoff in the stilling well or on the instrument. Time drift was noted when data were retrieved. The data logger reference time was reset each time the logger was accessed.
Precipitation data were collected using Pronamic Company, Ltd., Rain-O-Matic, tipping-spoon rain gages. The manufacturer's stated accuracy is +/-2 percent with a resolution of 0.5 seconds. Rain gages were calibrated a minimum of four times per year at a rate of approximately 9.5 in./hour using a NovaLynx constant head calibrator. The rain gages were operated by recording the date and time of each 0.01 in. of rainfall. Time drift could not be determined when data were retrieved. The data logger reference time was reset each time the logger was accessed.
Data were retrieved from the data loggers approximately every two months and stored in the USGS Automated Data Processing System (ADAPS) data base. Instantaneous discharge was computed by transferring instantaneous stage values through a stage-discharge relation. Daily precipitation totals were computed from the incremental rainfall data. Discharge, temperature, and rainfall data were reviewed and runoff events were flagged for further analysis. Data collected during times of freezing temperatures or from frozen precipitation were flagged and not analyzed further. When either the stage or precipitation data were missing, no further analysis was performed. Plots of the instantaneous discharge, rainfall, and rainfall intensity were made when daily rainfall totals were greater than 0.85 in. or when consecutive days of rainfall indicated a potential runoff event. An example plot is shown in figure 4 . The plots that contained well-defined peak flows with rainfall amounts and intensities that support the peak flows were used to determine storm and runoff characteristics. 
Time of Concentration and Runoff Coefficient Estimation
Two basin runoff characteristics, time of concentration and runoff coefficient, were estimated from rainfall and runoff data using methods found in textbooks or research literature. Time of concentration was calculated several different ways from the hydrograph and hyetograph using the time to rise, end of excess precipitation to inflection point, and peak flow to inflection point. Runoff coefficients were calculated by solving for C in the Rational Equation (eq. 1) by dividing the peak flow by the drainage area and average rainfall intensity. In addition, the Rational Hydrograph Method was used to estimate time of concentration and runoff coefficient for nonuniform precipitation. The Rational Hydrograph Method (RHM) is a mathematical and statistical model wherein paired combinations of time of concentration and runoff coefficient are used with the recorded rainfall data to estimate discharge. The predicted and observed discharge hydrographs were compared, and through an optimization scheme, event-average runoff characteristics were determined.
Because the rain gage and stage recorders were not coupled, there were some discrepancies between recorded times that could not be resolved. Therefore, the time of the peak flow also was used as the time for the end of excess precipitation. Because of the small size of the basins and the expected short times of concentration, it was assumed that the excess precipitation ended over the entire basin at the time of the peak flow.
Time to Rise-Time of concentration was calculated as the time required for the discharge to rise from base flow to the peak flow on the discharge hydrograph. This description of the time of concentration results from an idealized basin ( fig. 3) where there is no storage or delays in runoff generation (Pilgrim and Cordery, 1993; Singh, 1992; Bell and Kar, 1969; Ponce, 1989) . The time of concentration was computed by summing the time increment between consecutive observed discharge points that were increasing in value beginning from the high-intensity portion of the hyetograph to the peak flow. The intervals where the hydrograph was in recession prior to the peak and the time increments required to reach the previous maximum discharge were not included in the total time.
End of Excess Precipitation and Peak flow to Inflection Point-Time of concentration was calculated as the time difference from the end of excess precipitation on the hyetograph to the inflection point on the recession portion of the discharge hydrograph (Thomas and others, 2000; Viessman and others, 1977; Wigham, 1970) . This time represents the time necessary for water from the most hydraulically distant point of the basin to exit the basin. Flow in the remaining portion of the recession hydrograph is considered the release of water from storage within the basin. This description of the time of concentration assumes that the storm duration is longer than the time of concentration and that steady-state runoff conditions have been achieved when the rainfall stops.
The inflection point of the runoff hydrograph was determined using two methods. In the first method, a weighted running-average discharge was computed using the three computed discharges prior to and after the computation time. The seven discharge values were multiplied by the time increment between readings, totaled, and divided by the total time interval to produce a single weighted-average discharge value. This averaging technique was necessary to dampen fluctuations in the hydrograph. Next, the slope between consecutive weighted-average discharge data points on the hydrograph was computed. The time of the greatest negative slope between discharge data points following the peak was identified as the time of the inflection point. In the second method, the inflection point was estimated visually from plots of the hydrographs. The time of the inflection point was determined by selecting the discharge at the inflection point on the plot and reviewing the digital data to determine the time that discharge was observed. The time of the inflection point was not read directly from the hydrograph because of the compressed time scale. It should be noted that visual selection of the inflection point from a hydrograph is subjective.
Ratio of Runoff to Rainfall-The runoff coefficient is defined as the ratio of runoff to rainfall (Pilgrim and Cordery, 1993) , and lumps all of the basin and environmental abstractions into one parameter (Singh and Cruise, 1992) . To determine the runoff coefficient for each storm, the Rational Equation (eq. 1) was solved for C; the peak flow was divided by the drainage area and average rainfall intensity. The average rainfall intensity for the storm was determined by computing the rainfall intensity between each consecutive pair of rainfall data points. The rainfall intensities closest to the time of the peak flow were reviewed for a decrease in value, usually to a value below 0.75 in./hour, with the data point prior to the decrease identified as the end of the high intensity-rainfall phase. The rainfall intensities from data collected prior to the peak were scanned in reverse time order until a decrease in rainfall intensity was observed, usually to a value below 0.75 in./hour, with the data point after the decrease identified as the beginning of the high-intensity rainfall phase. Single intensity values below 0.75 in./hour were ignored unless there was a substantial time difference greater than a minute between rainfall readings. The total rainfall in the high-intensity rainfall phase was divided by the time difference between the data points identified as the beginning and end of the phase to determine the average rainfall intensity. It should be noted that similar to the visual determination of the inflection point on a hydrograph, the determination of the high-intensity portion of the hyetograph that is related to the peak flow is subjective.
Modeled characteristics-Singh and Cruise (1992) and Guo (2001) developed the Rational Hydrograph Method (RHM), a mathematical and statistical model wherein the observed hydrograph is compared to predicted hydrographs developed with the Rational Method using the hyetograph data and paired combinations of times of concentration and runoff coefficients. In the RHM, only the rainfall that is accumulated from the present to one time of concentration in the past is observed at the outlet. The underlying assumption of the method is that all rainfall prior to one time of concentration in the past has already exited the basin. This assumption allows a complete runoff hydrograph to be generated from a continuous, nonuniform hyetograph. Time of concentration and runoff coefficient values are selected, average rainfall intensity is computed from the hyetograph over the selected time of concentration for each observed discharge data point, and the corresponding predicted discharge is computed. The predicted discharge hydrograph is compared to the observed discharge hydrograph with an optimization scheme applied to select the event-averaged values for the time of concentration and runoff coefficient (Guo, 2001) .
The observed discharge hydrograph was separated into three areas: (1) The rising portion of the hydrograph consists of the time from initiation of runoff to one time of concentration after initiation of runoff when the entire basin is not yet contributing to the runoff at the outlet. This portion of the hydrograph reflects the increasing contribution of the basin area to the runoff at the outlet. (2) The peaking portion of the hydrograph consists of the time from one time of concentration after initiation of runoff to the peak flow. This portion of the hydrograph reflects the entire basin contribution to the runoff at the outlet, and changes in discharge should be the result of changes in rainfall input. (3) The recession portion of the hydrograph consists of the time from the peak flow to one time of concentration after the peak when the entire basin is not contributing to the runoff at the outlet. This portion of the hydrograph reflects the downstream portion of the basin losing contribution to the runoff at the outlet, and reduction in discharge should be the result of the noncontributing area expanding from the outlet to the hydraulically most distant portion of the basin (Guo, 2001) .
The peaking and recession portions of the hydrograph were analyzed. Between 1 and 35 discharge data points were selected from the hydrograph prior to the observed peak flow, depending upon the hydrograph shape and intensity, duration, and uniformity of the rainfall. A time of concentration and runoff coefficient were selected and a predicted discharge was computed for each observed discharge. The standard error between the predicted and observed data was computed; the time of concentration or runoff coefficient was incremented and the calculations re-accomplished. Computations were made where 10,208 iterations of all paired combinations of time of concentration from 5 to 120 minutes and runoff coefficients from 0.10 to 0.97 were used in conjunction with the recorded rainfall data to compute the discharge corresponding to observed discharge data. The time of concentration and runoff coefficient pair with the smallest standard error were retained as the event-averaged values. The first observed discharge value was eliminated from the data set and the computations re-accomplished. The series of computations and discharge data removal continued until no discharge values remained. Two pairs of coefficients were selected as event-averaged time of concentration and runoff coefficient. The first pair of values is the average of up to five event-averaged values of time of concentration and runoff coefficient representing five or fewer observed discharge data points. The second pair of values is the event-averaged values of time of concentration and runoff coefficient representing only the observed peak data point.
Similar computations were made using the recession portion of the hydrograph except that the discharge data were selected from the hydrograph following the observed peak flow, and the elimination order of the data was from the last data point to the peak. In addition, the actual peak may not have been used if there were multiple peaks on the hydrograph. When the recession portion of the hydrograph after the greatest peak was unusable, a later, secondary peak was often selected for computations. As expected, when the same peak was used for the peaking and recession portions of the computations, the event-averaged time of concentration and runoff values of each were equal; these values were not equal when different peaks were used.
Rainfall duration and intensity for each storm were reviewed. Storm data were eliminated when the storm duration was significantly less than the calculated time of concentration or when the average rainfall intensity was less than 0.96 in./hour. Summary tables were generated for each of the eight study basins (tables 4-11 at end of report) containing information on each storm analyzed, computed values of times of concentration and runoff coefficients, statistical summaries of the values, and design values supplied by VDOT.
Data analysis
Estimates of the time of concentration and runoff coefficient (tables 4-11) are separated into two groups: estimates derived directly from the hyetograph and hydrograph, and estimates derived from the hyetograph and hydrograph through use of the RHM. The time of concentration values estimated from the hyetograph and hydrograph-the time to rise, the time from the end of excess precipitation to the inflection point determined by slope, the time from the peak to the inflection point determined by slope, and the time from the peak to the inflection point determined visually (Tc1-Tc4)-tend to be similar at each site. The average and median values of time of concentration for each estimation method at each site are within a few minutes difference-except for Tc1 at streamflow-gaging station 0203667525 where the average and median values are 42 and 21 minutes, respectively, and Tc4 at streamflow-gaging station 0203667530 where the average and median values are 50 and 16 minutes, respectively. However, greater variation of values between individual storms at each site exists. The time of concentration values estimated using the slope to determine the inflection point (Tc2 and Tc3 in tables 4-11) generally were less than the values estimated by the time to rise and the peak to inflection point determined visually (Tc1 and Tc4 in tables 4-11) except for a few storms. The average and median runoff coefficient values derived directly from the storm and runoff data (Cb) were similar at each site, even though some variation was observed from storm to storm. Several minimum and maximum values for both time of concentration and runoff coefficient appear to be unrealistic, such as times of concentration of 0 and 1 minute and runoff coefficients greater than 1.0.
Average and median values of time of concentration estimated through use of the RHM (Tc5, Tc6, Tc7, and Tc8 in tables 4-11) are similar at each site as a group when compared to Tc1, Tc2, Tc3, and Tc4. There are significant differences between estimates for individual storms at each site. Similar to the values generated for the time of concentration, average and median values of runoff coefficients estimated through use of the RHM (C5, C6, C7, and C8) are similar for each method at each site, yet there is significant variation between values estimated for individual storms at each site. In this study, the possible values for time of concentration are limited to between 5 and 120 minutes, and possible values for runoff coefficient are limited to between 0.10 and 0.97. Values determined by the RHM ranged from the low boundary to the high boundary for both characteristics.
In general terms, when comparing average and median values, estimated values for time of concentration (Tc5, Tc6, Tc7, and Tc8) using the RHM were 2 to 5 times greater than the values determined directly from the hyetograph and hydrograph (Tc1, Tc2, Tc3, and Tc4). The only exception is for streamflow-gaging station 0203667510, the small basin that consists of a road and ditch land use, where the values are considered equivalent. Likewise, the estimated values for the runoff coefficient (C5, C6, C7, and C8) using the RHM were 1.3 to 2 times greater than the values determined directly from the hyetograph and hydrograph (Cb). The exceptions are for streamflow-gaging stations 0203856510 and 0204206210, two of the three industrial land-use areas, where the values are considered equivalent.
The wide variation in characteristic values (Tc1-Tc8, C5-C8) determined is probably because of antecedent moisture conditions and areal variation in rainfall amount, intensity, and duration. In addition, rarely does the rainfall cease immediately at the end of a storm. Persistent lower intensity rainfall after the high-intensity portion causes the lower reaches of the basin to continue to supply runoff to the outlet, which slows the hydrograph recession and increases the calculated time of concentration.
A review of plots of the hyetographs and hydrographs revealed that steady-state conditions were never achieved, as supported by the discharge continuing to increase for the duration of the rainfall. Several possible reasons for the unsteady conditions were nonuniform precipitation supply, changes in saturated surface area and subsurface stormflow, and variations in basin abstractions during the storm and resulting runoff.
Because the rain gages were located at fixed points in each basin, the rainfall data collected can best be analyzed as point data with respect to time. Three rain gages were located relatively close together, and some information can be described on areal variation of precipitation. Rainfall intensity ranged from 0.0 to 18 in./hour and seldom were two consecutive calculations at the same intensity. Rainfall intensities greater than 6 in./hour were rare and infrequently occurred consecutively. Rainfall intensities between 2.0 and 4.0 in./hour were common during storms, and it was not unusual for the rate to be maintained for several minutes. Most storms that caused significant runoff consisted of a continual moderate rainfall intensity of 1 to 2 in./hour with infrequent, short bursts of rainfall at a much greater intensity. Two rain gages were mounted 3 ft apart and operated independently for over four years. When data were retrieved, the two rain gage totals were always similar and considered equivalent. Another rain gage located 0.65 mi away showed similar rain patterns, but the rainfall total and intensity did not match the other rain gages as closely, and the data were not considered equivalent. The variability of precipitation in time and space is probably the major reason for unsteady runoff conditions.
Another possible cause of unsteady runoff conditions is the changes in saturation conditions at ground surface that correspond to the variable source area, partial area, and subsurface stormflow theories of storm runoff (described under "Sources of Runoff"). Visual observations of a few basins during and after storms confirmed that some areas around the stream or in depressed areas had become saturated either because of a rising perched water table or because the rainfall rate was greater than the infiltration rate. The size or length of the saturated areas appeared to vary with antecedent moisture conditions and storm duration and intensity. Also, conditions appeared to vary with land use. Few saturated areas were observed in basins that were less impervious or had drainage improvements.
The review of plots of the hyetographs and hydrographs also revealed that the changes in runoff did not always coincide with changes in rainfall intensity. For example, the end of the high-intensity rainfall did not always coincide with the recession of the hydrograph, and rising hydrographs did not always coincide with an increasing rainfall rate. A partial explanation for this difference it the differences between the stage recorder and rain recorder clocks; however, the clocks were never more than a few minutes different in time. The difference in timing between the rising or falling hydrograph and changes in rainfall intensity is probably primarily the result of rainfall variability in location, amount, intensity, and duration across the basins.
Three observations were made while reviewing plots of the data summary for each basin (tables 4-11). First, a positive relation exists between peak discharge and runoff coefficients at all sites except for streamflow-gaging station 0203667530, regardless of how the coefficients were determined. An increasing runoff coefficient with increasing peak discharge may indicate that basin abstractions and runoff characteristics vary throughout the duration of the storm. An example of the positive relation between peak discharge and runoff coefficient is shown in figure 5 for streamflow-gaging station 0203667510. This site has a very small drainage area (2.5 acres) and probably the largest percentage impervious area of all the study sites (approximately 30 percent). Despite the high percentage of impervious area, the plot of the data for the site shows a strong relation between peak discharge and runoff coefficient. Second, no consistent relation exists between rainfall intensity and runoff coefficient. It is expected that the relation between rainfall intensity and runoff coefficient would be similar to the relation between peak discharge and runoff coefficient because the peak discharge in the Rational Equation is a function of the rainfall intensity and storm duration. Third, a weak, positive relation exists between storm duration and time to rise (Tc1), where the longer duration storms usually have lower average rainfall intensities. The relation is probably a function of infiltration, antecedent soil moisture, and subsurface stormflow previously discussed. An example of the positive relation between storm duration and time to rise is shown in figure 6 for streamflow-gaging station 0204243150.
The instantaneous discharge and incremental precipitation data and determinations of times of concentration and runoff coefficients (tables 4-11) indicate that most of the assumptions associated with the Rational Method (listed under "Rational Method") were not met. For example, incremental precipitation data show that the precipitation intensity varies with time, and differences in precipitation data collected at the individual rain gages indicate spatial variability within the basins (see assumptions 1 and 2). Storm durations were almost always less than the times of concentration determined by various methods (see assumption 3). Storms with similar measured values of rainfall intensity and storm duration resulted in different peak discharge values (assumption 4). Time of concentration did not appear to vary with rainfall intensity; however, time of concentration did vary with storm duration, and some methods generated values much larger than values generated by other methods (assumption 6). Runoff coefficient did not appear to vary with rainfall intensity, but did vary with peak discharge, which is highly correlated with rainfall intensity (assumption 7). Finally, visual observations during storms did not indicate significant overland flow (assumption 8).
Discharge Computations
Discharges were computed for each site using the median values of the times of concentration and runoff coefficients in tables 4-11 as input values for the Rational Method (eq. 2). Median values of the runoff characteristics are used because the potential sample error of any individual measurement is large and there is large variability in values of runoff characteristics determined from individual storms at the study sites. Rainfall intensity for the 10-year recurrence interval was determined from the IDF curves for the counties in which the basins are located using the times of concentration (Tc1-Tc8) as precipitation duration (Virginia Department of Transportation, 2002) . Discharges computed for each site using the runoff coefficient, Cb, with times of concentrations, Tc1-Tc4, and paired combinations of times of concentration and runoff coefficients, Tc5, C5-Tc8, C8 are shown in table 12.
Comparison of Design Computations and Parameters Estimated From Storm Data
Comparison of runoff coefficients from design computations and runoff coefficients determined from individual storms is difficult, partially because the return frequency of any storm generally is not the same as the design storm frequency and the frequency of an observed storm will not necessarily generate the same frequency flood. In addition, other assumptions associated with the Rational Method, such as uniform precipitation in time and space over the basin, are seldom observed. However, determination of storm and runoff coefficients from individual storms at specific study sites may indicate if the method is being used in a manner that consistently overestimates or underestimates the design flood magnitudes.
Design coefficients are compared to median values of runoff characteristics-times of concentration and runoff coefficients-determined from all storms. When the design estimate of time of concentration is less than the values obtained from observed storm data, the design value is considered more conservative. Shorter time durations will always generate greater average rainfall intensities ( fig. 2 ) and greater design discharges (eq. 2). Also, when the design estimate of runoff coefficient is greater than the values obtained from observed storm data, the design value is considered more conservative. Greater runoff coefficients generate greater design discharges (eq. 2). When the design estimate of time of concentration is greater than the values obtained from observed storm data, or when the design estimate of runoff coefficient is less than the values obtained from observed storm data, the design value is considered less conservative.
For time of concentration, design coefficients generally were greater than the median values of the estimates derived directly from the hyetograph and hydrograph (Tc1-Tc4 in tables 4-11) except for streamflow-gaging stations 0203667525 and 0203668010 where the design coefficients were less than the median values of the estimates, and for streamflow-gaging station 0203667510 where the design coefficient was considered similar. Design coefficients were less than the median values of the estimates derived from the hyetograph and hydrograph through use of the RHM (Tc5-Tc8 in tables 4-11) except for streamflow-gaging station 0204206210 where the design coefficient was greater than the median value of the estimate.
For runoff coefficients, design coefficients generally were greater than the median values of observed runoff coefficients (Cb in tables 4-11) for all storms at each site. The only exception is for streamflow-gaging station 0203668010 where the design coefficient and median value of the observed runoff coefficient are considered similar (0.40 and 0.35, respectively). Also, design coefficients generally were greater than the median values of the runoff coefficients estimated through use of the RHM (C5-C8 in tables 4-11) except for streamflowgaging stations 0203667510, 0203667525, and 0204206210 where the design coefficients and median values of the runoff coefficients estimated through use of the RHM are considered similar. Design estimates of time of concentration generally were less conservative than the estimates derived directly from the hyetograph and hydrograph (Tc1-Tc4) and more conservative than the estimates derived from the hyetograph and hydrograph through use of the RHM (Tc5-Tc8). Design estimates of runoff coefficients generally were more conservative than the estimates derived directly from the storm and runoff data (Cb) and the estimates derived through use of the RHM (C5-C8).
Design peak-discharge values are more conservative (greater) than the discharges computed from the median values of time of concentration and runoff coefficient determined from the storm data at all sites, with one exception. More conservative design peak-discharge values are expected because the discharges computed from the median values of Tc and C from the storm data have recurrence intervals less than 10-years. The exception is at streamflow-gaging station 0204206210 where the design peak-discharge value is less conservative than the discharge computed from the storm data. Possible reasons for this are that the basin has an efficient drainage network that may expedite runoff, the precipitation may not have been uniform across the basin because of the basin size (52.7 acres), and the precipitation duration may not have been of sufficient length that the entire basin contributed to the peak flow at the outlet.
Comparison of rainfall intensities and duration measured during storms to local IDF curves indicate that most of the storms were less than or equal to a 2-year recurrence interval. Only two storms generated intensities and durations near the 10-year recurrence interval. At streamflow-gaging station 0203667525, 1.70 in. of rainfall was measured over 20 minutes on June 18, 2004, for a rainfall intensity of 5.10 in./hour and an observed peak discharge of 2.32 ft 3 /s. The 10-year frequency design rainfall intensity is 5.4 in./hour for a time of concentration of 13 minutes and a design peak discharge of 8.2 ft 3 /s. At streamflow-gaging station 0204243150, 0.77 in of rainfall was measured over 7 minutes on September 23, 2003, for a rainfall intensity of 6.60 in./hour and an observed peak discharge of 17.4 ft 3 /s. The 10-year frequency design rainfall intensity is 6.5 in./hour for a time of concentration of 7.55 minutes and a design peak discharge of 24.8 ft 3 /s. If the assumptions of the Rational Method are met-such as uniform precipitation over the entire basin and the design storm of a specified frequency produces the design flood of the same frequency-the design peak discharges are more conservative (greater) than the observed peak discharges. Additionally, it is expected that design peak discharges based on a 10-year recurrence interval should be more conservative (greater) than discharges based on data collected from higher frequency storms. Data collected and analyzed for this study confirm the nonuniformity of precipitation in time and space, and are evidence for the validity of unsteady runoff conditions generated from varied precipitation, overland flow, and subsurface stormflow. However, runoff characteristics determined using different methods from multiple storms validate, to a degree, use of the Rational Method for design computations. Further validation should be determined from a flood-frequency analysis of annual peak-flow data.
National Peak-Flow Data
Reliable estimates of flood magnitude and frequency are needed to determine the hazard potential and probable effects of floods on local transportation structures and public and private infrastructure. To assist in this effort, the USGS has collected, published, and maintained a data base of annual peak-flow data; currently (2005) the data base has more than 25,000 peak-flow sites and 635,000 station-years of record. The data are available online at http://waterdata.usgs.gov/usa/ nwis/peak and from the individual USGS offices that collect the data.
Maximum Observed Runoff and FloodFrequency Envelope Curves
Annual peak-flow data were retrieved for all sites in the national data base with drainage areas less than 400 acres (0.625 mi 2 , or twice the maximum area the VDOT considers a small drainage basin). More than 1,200 sites met the initial size criterion. The maximum peak flow in ft 3 /s for each site for the period of record was determined, normalized by drainage area, converted to runoff in units of in./hour, and plotted against drainage area in mi 2 . Sites in Hawaii, Puerto Rico, Guam, and the Virgin Islands were eliminated because peak rainfall intensity is much greater on these islands than in the continental United States. Sites with large runoff values per unit area were reviewed by the USGS office that collected the data, and data were either eliminated or retained on their recommendations. One site in Arkansas was eliminated even though the office was confident that the data are correct. The site has a drainage area of 0.07 mi 2 and a peak flow rate of 978 ft 3 /s, which equates to a normalized runoff rate of 21.7 in./hour. This rate is similar to peak discharges observed on the islands of Hawaii and Puerto Rico. This review of the data resulted in a total of 1,025 sites being retained.
Curves, often referred to as envelope curves, were drawn over the range of data (maximum observed runoff and 10-, 25-, 50-, and 100-year flood-frequency estimates) on the basis of a visual inspection of the data (figs, 7 and 8). In figure  7 , the curves define the upper boundary of the maximum observed peak flows since about 1900 from 1,025 streamflowgaging stations, and the upper boundary of the 10-, 25-, 50-, and 100-year flood-frequency estimates from 596 streamflowgaging stations. Figure 7 is similar to plots presented in Dunne (1978) .
Of the final 1,025 sites, 596 sites had 10 or more years of peak-flow record. The distribution of record length for the national data set is shown in table 13. A flood-frequency analysis was performed on the data at each site by fitting a Flood-frequency estimates derived from statistical analysis of maximum observed peak-flow data from 596 of the 1,025 streamflow-gaging stations with 10 or more years of peak-flow data. Curves for the 10-, 25-, 50-, and 100-year frequencies define upper boundaries of the 10-, 25-, 50-, and 100-year flood frequencies for the 596 streamflow-gaging stations.
Pearson Type III distribution to the logarithms of the annual peak flow. Estimates were made of the peak flow at these streamflow-gaging stations for 10-, 25-, 50-, and 100-year recurrence intervals. Data were not reviewed for changes in flow regulation or for trends in the data with time. The peakflow estimates for each recurrence interval were normalized by drainage area, converted to units of in./hour, and plotted against drainage area. Data from the Arkansas site not used for the maximum observed runoff envelope curve were included in the development of the envelope curves for the flood-frequency data; however, the envelope curve positions were not affected by the plotting locations of data from this site. The same type envelope curves were developed from a subset of the national peak-flow data-regional data from North Carolina, Virginia, Maryland, West Virginia, eastern Tennessee, and eastern Kentucky ( fig. 8) . Data from 156 regional sites were used to produce the maximum observed runoff envelope curve in figure 8. Data from 86 of these sites with 10 or more years of peak-flow record were used to produce the envelope curves for the 10-, 25-, 50-, and 100-year flood recurrence intervals. The distribution of record length for the regional data set of 86 sites is shown in table 13.
Because the sites retrieved from the USGS national peakflow data base were not reviewed for effects of urbanization, it is expected that the envelope curves are representative of sites where overland flow is the dominant runoff generation mechanism. Basins where overland flow dominates runoff should have a greater peak runoff per unit area because the flow mechanisms of these basins concentrate the storm runoff at the outlet. Generally, in basins where runoff is dominated by overland flow, less water infiltrates into the soil matrix and the water moves more quickly to the outlet than in basins where runoff is dominated by subsurface stormflow (Dunne, 1978 , Freeze, 1972a . The curves (figs. 7 and 8) may be used to validate design peak discharges for small basins where overland flow dominates storm runoff but should not be used to determine design peak discharges.
Data Analysis
The envelope curve in figure 7 developed from small basins across the continental United States shows a maximum observed runoff of 10.2 in./hour for the range of basins instrumented in this study (from 2.5 to 52.7 acres). The envelope curve in figure 8 developed from basins in the nearby region documents a maximum runoff of 9.4 in./hour for the smallest study basin (2.5 acres) and 8.5 in./hour for the largest study basin (52.7 acres). The maximum observed runoff from the storms analyzed at the eight study basins was 3.6 in./hour from streamflow-gaging station 0204243150 on September 23, 2003; this value plots well below both the national and regional envelope curves. The greatest average rainfall intensity for the storms analyzed was 6.60 in./hour for the same storm at the same location, and this value also plots well below the national or regional envelope curves. Therefore, even if there were no basin abstractions such as infiltration or evapotranspiration and all the rainfall was converted to runoff, any of the study basins with the average rainfall intensity of 6.60 in./hour for the basin time of concentration would not approach the runoff rate indicated by the envelope curves. Average rainfall intensities greater than 6.60 in./hour were observed over the study period but were not analyzed because of missing or incomplete data.
Comparison of Design Computations and Envelope Curves
The design peak discharges for the 10-year rainfall intensity frequency can be compared to the 10-year flood frequency envelope curve in figure 8. All eight study basins have drainage areas less than 0.1 mi2 (64.0 acres). As indicated by assigning high runoff coefficients, design engineers expect overland flow to dominate sites 0203667525, 0203856510, and 0204243150. Design peak discharges for the three sites are 4.68, 4.07, and 5.12 in./hour and all three sites have drainage areas less than 0.02 mi 2 (12.8 acres). The design peak discharge for all three sites plot below the 10-year annual-flood frequency envelope curve, which indicates that the design peak discharges are less conservative than the frequency data used for the envelope curve. However, the design data are within 25 percent of the values determined by the envelope curve and should be considered similar. Table 13 . Distribution of length of record for frequency analysis of annual peak flows at U.S. Geological Survey streamflow-gaging stations in the continental United States (national data set) and in North Carolina, Virginia, Maryland, West Virginia, eastern Tennessee, and eastern Kentucky (regional data set). 
Years of record
Summary and Conclusions
Virginia's highways contain approximately one culvert or flow structure for every half mile of road constructed. Most of these structures drain areas less than 200 acres. Transportation engineers follow several standard engineering methods to estimate peak flows from these small drainage basins; however, inconsistent results are obtained from the available methods. Errors in peak-flow estimates can result in potential hazards, inconvenience, and damage problems. A study was begun in 1997 by the U.S. Geological Survey (USGS), in cooperation with the Virginia Department of Transportation (VDOT), to determine the reliability of the Rational Method used to estimate runoff from small basins in Virginia.
The relation between the amount of rainfall over a drainage basin and the amount of runoff from the basin is not well understood. The hydrograph shows runoff with respect to time and the most important property of the hydrograph that is essential to drainage structure design is the peak rate of runoff.
Runoff is generated through channel interception, overland flow, subsurface stormflow, or ground-water flow and there is disagreement about the relative contributions of each to runoff. Field tests have shown that the control any individual mechanism has on runoff is dependent on basin hydrogeology and storm characteristics.
VDOT (2002) recommends use of the Rational Method for estimating the design-storm peak flow from basins less than 200 acres. The method requires considerable engineering knowledge to determine a reliable design discharge. The major assumptions associated with the Rational Method, which are seldom met under natural conditions, are uniform precipitation in time and space for the duration equal to the time of concentration, negligible basin storage, and that the design-frequency storm produces the design flood of the same frequency. The Rational Method combines the basin abstractions, average rainfall intensity, and drainage area to estimate the peak flow with the same recurrence interval as the rainfall intensity. The runoff coefficient is associated with the abstractive and diffusive properties of the basin such as infiltration, storage, and evapotranspiration. The average rainfall intensity is dependent upon a frequency analysis of historic precipitation data and the time of concentration of the basin-or the time necessary for the entire basin to supply discharge to the outlet after runoff begins. The runoff coefficient and time of concentration are controlled by some of the same storm and basin characteristics, and therefore, are not independent.
Eight small basins in central Virginia ranging from 2.5 to 52.7 acres were instrumented with monitoring devices to determine instantaneous discharge and measure discrete depths of precipitation from storms. Land use in the basins consists of combined road and ditch, pasture, new-growth forest, residential, and industrial areas. Rainfall and runoff data were collected and analyzed to estimate times of concentration and runoff coefficients for individual storms. Times of concentration and runoff coefficients were calculated directly from data in the hyetograph and hydrograph and from the Rational Hydrograph Method (RHM), wherein paired combinations of time of concentration, runoff coefficient, and hyetograph are used to predict a runoff hydrograph.
Time of concentration was calculated from the hyetograph and hydrograph as the time required for the discharge hydrograph to rise from base flow to the peak flow, time from the end of the excess precipitation to the hydrograph inflection point determined by slope, time from the peak flow to the hydrograph inflection point determined by slope, and time from the peak flow to the hydrograph inflection point determined visually. The runoff coefficient was calculated from the hyetograph and hydrograph of each storm by dividing the peak discharge by the drainage area and average rainfall intensity.
The RHM is a mathematical model whereby runoff is generated using rainfall inputs from the computation time to one time of concentration in the past. Predicted runoff hydrographs were generated using all possible combinations of times of concentration from 5 to 120 minutes and runoff coefficients from 0.10 to 0.97 with the observed rainfall data for the peaking portion of the hydrograph, the hydrograph peak, and the recession portion of the hydrograph. The time of concentration and runoff coefficient pair with the lowest standard error computed from the predicted and observed runoff hydrograph was selected as characteristic for that storm.
Design estimates of times of concentration were considered less conservative than the estimates derived directly from the hyetograph and hydrograph, and more conservative than the estimates derived from the hyetograph and hydrograph through use of the RHM. Design estimates of runoff coefficients were considered more conservative than the estimates derived directly from the storm and runoff data and the estimates derived through use of the RHM.
Design peak discharges were compared to discharges computed for each basin using the median value of the times of concentration and runoff coefficient as input values for the Rational Method. Rainfall intensity for the 10-year recurrence interval was determined from intensity-duration-frequency (IDF) curves using time of concentration as precipitation duration. Design peak-discharge values were more conservative (greater) than the discharges computed from the median values of time of concentration and runoff coefficient determined from the storm data at seven of the eight basins, which is expected because the discharges computed from the median of the Tc and C values from the storm data have less than 10-year recurrence intervals.
Comparison of rainfall intensities and duration measured during storms to local IDF curves indicate that most of the storms were less than or equal to a 2-year recurrence interval, and only a few storms were near the 10-year recurrence interval. It is expected that design peak discharges based on a 10-year recurrence interval would be more conservative (greater) than discharges based on data collected from higher frequency storms.
Design estimates of peak discharge for the design storm frequency and observed peak discharges and rainfall intensi-ties for eight basins in central Virginia were compared to observed peak discharges at similar-sized basins across the United States and separately to observed peak discharges at similar-sized basins in Virginia and surrounding states. Annual peak-flow data and basin characteristics were retrieved from the USGS national stream flow data base for basins less than 400 acres across the continental United States. Period-ofrecord peak flows for 1,025 sites were normalized by drainage area, converted to units of in./hour, and plotted against drainage area. An envelope curve fitted to the data depicted a maximum observed runoff of 10.2 in./hour for basins smaller than 256 acres (0.40 mi 2 ), which declined to 4.8 in./hour for basins as large as 400 acres (0.625 mi 2 ). A flood-frequency analysis was performed on 596 of the sites that have 10 or more years of annual peak-flow data. Estimates were made of the peak flow for the 10-, 25-, 50-, and 100-year recurrence intervals and envelope curves were drawn around the data determined for each recurrence interval.
Period-of-record peak-flow data from 156 sites in North Carolina, Virginia, Maryland, West Virginia, eastern Tennessee, and eastern Kentucky were used to develop a maximum observed runoff envelope curve for the region, and annual peak-flow data from 86 of the sites were used to produce envelope curves for the 10-, 25-, 50-, and 100-year flood recurrence intervals. The maximum observed runoff is 9.4 in./hour for the smallest basins and declines to 2.4 in./hour for basins as large as 400 acres. The regional data are a subset of the national data.
It is expected that the envelope curves are representative of sites where overland flow is the dominant runoff-generation mechanism. The curves can be used only to validate design discharges, and should not be used to determine design discharges.
Researchers disagree on the reliability of determining storm and basin runoff coefficients through a deterministic analysis of individual storms. Researchers who do not consider the method valid object primarily because assumptions associated with the Rational Method are seldom met. The assumptions of uniform precipitation and negligible basin storage become less valid as the basin characteristics vary from small, impervious basins to larger rural basins. Data collected and analyzed for this study confirm the nonuniformity of precipitation in time and space, and also suggest that unsteady runoff conditions are generated from varied precipitation, overland flow, and subsurface stormflow. However, runoff characteristics determined using different methods from multiple storms validate, to a small degree, use of the Rational Method for peak-discharge design computations. Further validation could be determined from a flood-frequency analysis of annual peakflow data. [Design coefficients for this basin are drainage area of 6.1 acres, runoff coefficient of 0.25 and time of concentration of 13 minutes provided by Virginia Department of Transportation; Qp, peak flow in cubic feet per second; P, rainfall amount in inches; D, duration in minutes; I, rainfall intensity in inches per hour; Cb, runoff coefficient computed by dividing the peak flow by rainfall amount and drainage area; Tc1, time of concentration in minutes computed by time to rise; Tc2, time of concentration in minutes computed from end of excess rainfall to inflection point determined by slope; Tc3, tim computed from p -ing portion of hydrograph; C5, runoff coefficient estimated with Tc5; Tc6, time of concentration in minutes estimated from minimum standard error of peak from peaking portion of hydrograph; C6, runoff coefficient estimated with Tc6; Tc7, time of concentration in minutes estimated from minimum standard error of recession portion of hydrograph; C7, runoff coefficient estimated with Tc7; Tc8, time of concentration in minutes estimated from minimum standard error of peak from recession portion of hydrograph; C8, runoff coefficient estimated with Tc8; -, not determined]
Date
Time [Design coefficients for this basin are drainage area of 18.3 acres, runoff coefficient of 0.25 and time of concentration of 21.5 minutes provided by Virginia Department of Transportation; Qp, peak flow in cubic feet per second; P, rainfall amount in inches; D, duration in minutes; I, rainfall intensity in inches per hour; Cb, runoff coefficient computed by dividing the peak flow by rainfall amount and drainage area; Tc1, time of concentration in minutes computed by time to rise; Tc2, time of concentration in minutes computed from end of excess rainfall to inflection point determined by slope; Tc3, time o -puted from peak portion of hydrograph; C5, runoff coefficient estimated with Tc5; Tc6, time of concentration in minutes estimated from minimum standard error of peak from peaking portion of hydrograph; C6, runoff coefficient estimated with Tc6; Tc7, time of concentration in minutes estimated from minimum standard error of recession portion of hydrograph; C7, runoff coefficient estimated with Tc7; Tc8, time of concentration in minutes estimated from minimum standard error of peak from recession portion of hydrograph; C8, runoff coefficient estimated with Tc8; -, [Design coefficients for this basin are drainage area of 10.4 acres, runoff coefficient of 0.75 and time of concentration of 13 minutes provided by Virginia Department of Transportation; Qp, peak flow in cubic feet per second; P, rainfall amount in inches; D, duration in minutes; I, rainfall intensity in inches per hour; Cb, runoff coefficient computed by dividing the peak flow by rainfall amount and drainage area; Tc1, time of concentration in minutes computed by time to rise; Tc2, time of concentration in minutes computed from end of excess rainfall to inflection point determined by slope; Tc3, time o -puted from peak portion of hydrograph; C5, runoff coefficient estimated with Tc5; Tc6, time of concentration in minutes estimated from minimum standard error of peak from peaking portion of hydrograph; C6, runoff coefficient estimated with Tc6; Tc7, time of concentration in minutes estimated from minimum standard error of recession portion of hydrograph; C7, runoff coefficient estimated with Tc7; Tc8, time of concentration in minutes estimated from minimum standard error of peak from recession portion of hydrograph; C8, runoff coefficient estimated with Tc8; -, [Design coefficients for this basin are drainage area of 52.7 acres, runoff coefficient of 0.63 and time of concentration of 37 minutes provided by Virginia Department of Transportation; Qp, peak flow in cubic feet per second; P, rainfall amount in inches; D, duration in minutes; I, rainfall intensity in inches per hour; Cb, runoff coefficient computed by dividing the peak flow by rainfall amount and drainage area; Tc1, time of concentration in minutes computed by time to rise; Tc2, time of concentration in minutes computed from end of excess rainfall to inflection point d of concentrat minimum standard error of peaking portion of hydrograph; C5, runoff coefficient estimated with Tc5; Tc6, time of concentration in minutes estimated from minimum standard error of peak from peaking portion of hydrograph; C6, runoff coefficient estimated with Tc6; Tc7, time of concentration in minutes estimated from minimum standard error of recession portion of hydrograph; C7, runoff coefficient estimated with Tc7; Tc8, time of concentration in minutes estimated from minimum standard error of peak from recession portion of hydrograph; C8, runoff coefficient estimated with Tc8; -, not determined] [Design coefficients for this basin are drainage area of 26.0 acres, runoff coefficient of 0.40 and time of concentration of 20 minutes provided by Virginia Department of Transportation; Qp, peak flow in cubic feet per second; P, rainfall amount in inches; D, duration in minutes; I, rainfall intensity in inches per hour; Cb, runoff coefficient computed by dividing the peak flow by rainfall amount and drainage area; Tc1, time of concentration in minutes computed by time to rise; Tc2, time of concentration in minutes computed from end of excess rainfall to inflection point determined by slope; Tc3, tim computed from p -ing portion of hydrograph; C5, runoff coefficient estimated with Tc5; Tc6, time of concentration in minutes estimated from minimum standard error of peak from peaking portion of hydrograph; C6, runoff coefficient estimated with Tc6; Tc7, time of concentration in minutes estimated from minimum standard error of recession portion of hydrograph; C7, runoff coefficient estimated with Tc7; Tc8, time of concentration in minutes estimated from minimum standard error of peak from recession portion of hydrograph; C8, runoff coefficient estimated with Tc8; -, by Virginia Department of Transportation; Qp, peak flow in cubic feet per second; P, rainfall amount in inches; D, duration in minutes; I, rainfall intensity in inches per hour; Cb, runoff coefficient computed by dividing the peak flow by rainfall amount and drainage area; Tc1, time of concentration in minutes computed by time to rise; Tc2, time of concentration in minutes computed from end of excess rainfall to inflection point determined by slope; Tc3, tim computed from p -ing portion of hydrograph; C5, runoff coefficient estimated with Tc5; Tc6, time of concentration in minutes estimated from minimum standard error of peak from peaking portion of hydrograph; C6, runoff coefficient estimated with Tc6; Tc7, time of concentration in minutes estimated from minimum standard error of recession portion of hydrograph; C7, runoff coefficient estimated with Tc7; Tc8, time of concentration in minutes estimated from minimum standard error of peak from recession portion of hydrograph; C8, runoff coefficient estimated with Tc8; -, by Virginia Department of Transportation; Qp, peak flow in cubic feet per second; P, rainfall amount in inches; D, duration in minutes; I, rainfall intensity in inches per hour; Cb, runoff coefficient computed by dividing the peak flow by rainfall amount and drainage area; Tc1, time of concentration in minutes computed by time to rise; Tc2, time of concentration in minutes computed from end of excess rainfall to inflection point determined by slope; Tc3, tim computed from p -ing portion of hydrograph; C5, runoff coefficient estimated with Tc5; Tc6, time of concentration in minutes estimated from minimum standard error of peak from peaking portion of hydrograph; C6, runoff coefficient estimated with Tc6; Tc7, time of concentration in minutes estimated from minimum standard error of recession portion of hydrograph; C7, runoff coefficient estimated with Tc7; Tc8, time of concentration in minutes estimated from minimum standard error of peak from recession portion of hydrograph; C8, runoff coefficient estimated with Tc8; -, not determined]
